The binding protein (BiP) has been demonstrated to participate in innate immunity and attenuate endoplasmic reticulum-and osmotic stress-induced cell death. Here, we employed transgenic plants with manipulated levels of BiP to assess whether BiP also controlled developmental and hypersensitive programmed cell death (PCD). Under normal conditions, the BiP-induced transcriptome revealed a robust down-regulation of developmental PCD genes and an up-regulation of the genes involved in hypersensitive PCD triggered by nonhost-pathogen interactions. Accordingly, the BiP-overexpressing line displayed delayed leaf senescence under normal conditions and accelerated hypersensitive response triggered by Pseudomonas syringae pv tomato in soybean (Glycine max) and tobacco (Nicotiana tabacum), as monitored by measuring hallmarks of PCD in plants. The BiPmediated delay of leaf senescence correlated with the attenuation of N-rich protein (NRP)-mediated cell death signaling and the inhibition of the senescence-associated activation of the unfolded protein response (UPR). By contrast, under biological activation of salicylic acid (SA) signaling and hypersensitive PCD, BiP overexpression further induced NRP-mediated cell death signaling and antagonistically inhibited the UPR. Thus, the SA-mediated induction of NRP cell death signaling occurs via a pathway distinct from UPR. Our data indicate that during the hypersensitive PCD, BiP positively regulates the NRP cell death signaling through a yet undefined mechanism that is activated by SA signaling and related to ER functioning. By contrast, BiP's negative regulation of leaf senescence may be linked to its capacity to attenuate the UPR activation and NRP cell death signaling. Therefore, BiP can function either as a negative or positive modulator of PCD events.
The binding protein (BiP) is an ER-resident molecular chaperone, which has been demonstrated to play a dynamic role in the regulation of various ER-supported processes in mammalian cells (for review, see Hendershot, 2004) . BiP mediates the gating of the translocon pore, folding and assembly of nascent proteins, targeting of incorrectly folded proteins for degradation, contribution to ER calcium stores, perception of ER stress, and regulation of the unfolded protein response (UPR). Except for binding calcium, all of these BiP functions require the binding of the molecular chaperone to client proteins in an ATP-dependent manner.
Plant BiP has been demonstrated to display molecular chaperone activity and participate in protein folding and maturation. BiP associates detectably with normal storage proteins in an ATP-dependent manner (Gillikin et al., 1995; Vitale et al., 1995) , interacts cotranslationally with rice (Oryza sativa) prolamin storage proteins (Li et al., 1993) , and binds to exposed sites on phaseolin monomers but not to the trimeric form of the bean (Phaseolus vulgaris) protein (Foresti et al., 2003) . Several other client proteins interact with plant BiP in an ATPdependent manner, and thus a molecular activity for plant BiP has been extensively demonstrated (Brandizzi et al., 2003; Mainieri et al., 2004; Snowden et al., 2007; Park et al., 2010) . However, the role of plant BiP in regulating signaling events that radiate from stress in the ER, as implicated by the protective functions of plant BiP under distinct stress conditions, is far less understood. These functions include the ability of BiP to attenuate ER stress (Leborgne-Castel et al., 1999; Alvim et al., 2001; Costa et al., 2008) , to confer tolerance to drought in transgenic soybean (Glycine max) and tobacco (Nicotiana tabacum) plants (Alvim et al., 2001; Valente et al., 2009) , to promote plant innate immunity (Wang et al., 2005) , and to attenuate ER stress and osmotic stress-induced cell death .
The most well-characterized ER signaling pathway is the UPR, which is triggered by any condition that disrupts ER homeostasis and promotes an accumulation of unfolded proteins in the organelle lumen (Walter and Ron, 2011) . In mammals, upon ER stress, the UPR is transduced by three distinct classes of ER transmembrane proteins: protein kinase RNA-like ER kinase, activating transcription factor6 (ATF6), and inositolrequiring protein1 (IRE1). Upon activation, these receptors act together to transiently attenuate protein synthesis, up-regulate ER folding capacity, and degrade misfolded proteins. BiP plays a pivotal role in regulating the activation status of protein kinase RNA-like ER kinase, ATF6, and IRE1 (Hendershot, 2004; Malhotra and Kaufman, 2007) . In plants, the UPR is transduced by two classes of transmembrane receptors: the ATF6 orthologs basic Leucine zipper transcription factor17 (bZIP17) and bZIP28 and the IRE1 orthologs IRE1a and IRE1b in Arabidopsis (Arabidopsis thaliana; Eichmann and Schäfer, 2012; Iwata and Koizumi, 2012; Fanata et al., 2013; Reis and Fontes, 2013) . BiP overexpression in tobacco and soybeans greatly inhibits the UPR, suggesting a role for BiP in regulating UPR activation (Leborgne-Castel et al., 1999; Alvim et al., 2001; Costa et al., 2008) . Recently, plant BiP has been demonstrated to directly regulate the activation of the plant ER stress transducer bZIP28 (Srivastava et al., 2013) .
In addition to the ER stress-specific signaling UPR, the ER accommodates the integration of multiple stress signals. One plant-specific, ER stress-shared response is ER and osmotic stress-integrated signaling, which converges on N-rich proteins (NRPs), a developmental and cell death (DCD) domain-containing protein, to transduce a cell death signal (Irsigler et al., 2007; Costa et al., 2008) . As an integrated pathway, NRP/DCDmediated cell death signaling is activated by either ER or osmotic stress but requires both signals for full activation (Reis and Fontes, 2012) . Upon ER and osmotic stress, the expression of the transcriptional activator soybean early responsive to dehydration stress15 is induced, which then activates the promoters and expression of the NRP genes (DCD genes) NRP-A and NRP-B (Alves et al., 2011) . An enhanced accumulation of NRPs up-regulates the cell death effector Glycine max NAC-domain containing protein81 (GmNAC81) (formerly designated GmNAC6; Faria et al., 2011) to induce a programmed cell death (PCD) event, which can be monitored by an induction of caspase-like activity, DNA fragmentation, chlorophyll loss, elevated peroxidation, and senescence-associated marker gene expression (Costa et al., 2008; Faria et al., 2011) . Recently, we discovered another member of the GmNAC family, GmNAC30, which binds to GmNAC81 in the nucleus of plant cells to coordinately regulate the caspase1-like vacuolar processing enzyme gene expression, underlying a mechanism for the execution of the ER stress-and osmotic stress-induced cell death program (Mendes et al., 2013) . The vacuolar processing enzyme (VPE) has been shown to trigger vacuolar collapse-mediated PCD in pathogenesis and development (Kinoshita et al., 1999; Hatsugai et al., 2004; Yamada et al., 2004) . Recent studies have demonstrated that BiP negatively regulates the NRP-mediated cell death signaling pathway and manipulating BiP expression protects plants against drought (Valente et al., 2009; Reis et al., 2011) . These previous studies evaluated the performance of soyBiPD-overexpressing transgenic lines exposed to different water deficit regimes. The BiP gene family is represented by at least four copies in the soybean genome (soyBiPA, soyBiPB, soyBiPC, and soyBiPD), and all of them have been shown to be induced by ER stressors (Kalinski et al., 1995; Cascardo et al., 2000 Cascardo et al., , 2001 . Among them, soyBiPD (Glyma05g36620.1) is the most well-characterized isoform and has been shown to protect plants against ER stress and dehydration (Alvim et al., 2001; Valente et al., 2009 ). The underlying mechanism of BiP-mediated increase in water stress tolerance is associated with its capacity to modulate the osmotic stress-induced NRP/DCD-mediated cell death response . However, whether BiP would also control PCD under developmental conditions remains unanswered.
As the gateway of antimicrobial protein and immune signaling component biosynthesis, the ER also functions as central regulator in the execution of immune responses in plants and animals. The ER participates in at least three different processes in plant innate immunity, and compelling evidence has linked BiP to all three ERsupported immunity functions (Eichmann and Schäfer, 2012) . First, ER functions as a surveillance system of proper glycosylation and folding of immune signaling receptors Nekrasov et al., 2009; Saijo et al., 2009; Liebrand et al., 2012) . Accordingly, overexpression of rice BiP3 regulates the rice disease resistance gene Xa21-mediated innate immunity by specifically regulating the processing and stability of the immune receptor (Park et al., 2010) . Second, plant immunity depends on elevated secretory activity for the efficient production of immune proteins (Wang et al., 2005; Moreno et al., 2012) . NONEXPRESSOR OF PR GENES1 (NPR1), the master regulator of salicylic acid (SA)-dependent systemic acquired resistance (SAR), coordinately controls the up-regulation of pathogenesisrelated (PR) genes and UPR genes during SAR (Wang et al., 2005) . BiP also participates in the establishment of efficient SAR (Wang et al., 2005) . BiP2 silencing in Arabidopsis attenuates PR1 secretion, a marker of SAR, upon treatment with SA analogs and impairs resistance against bacterial pathogens. Finally, the ER has been demonstrated to participate in the hypersensitive response (HR), a PCD kind of host defense triggered in plant pathogen-incompatible interactions and in nonhost resistance (Ye et al., 2011; Xu et al., 2012) . Reverse genetics and overexpression studies have revealed that BiP also participates in the pathogeninduced HR PCD, although with contrasting results. BiP2 silencing is associated with a delay in the establishment of nonhost HR PCD induced by Xanthomonas oryzae pv oryzae (Xu et al., 2012) , whereas BiP overexpression alleviates cell death induced by ectopic expression of the Potato virus X TGBp3al protein (Ye et al., 2011) .
Although BiP has been implicated in controlling cell death events in plant cells, whether BiP functions as a positive or negative modulator in HR PCD remains debatable. Additionally, an analysis of whether BiP-mediated regulation of cell death is linked to senescence under normal conditions is merited. Here, we employed soybean and tobacco transgenic lines with increased or suppressed BiP levels to elucidate the role of BiP as a mediator of development-and immunity-related cell death events.
RESULTS

Expression Profiles of BiP-Overexpressing Soybean Leaves
The soybean transgenic lines 35S::BIP4 and 35S::BiP2, which had been independently transformed with soyBiPD, have been previously demonstrated to overexpress a functional BiP and to accumulate different levels of BiP in the microsomal fractions (Valente et al., 2009; Supplemental Fig. S1, A and C) . Therefore, we employed these transgenic lines to elucidate the BiPinduced transcriptome in soybean leaves grown under normal conditions. Affymetrix GeneChipH Soybean Genome Arrays were used to determine the BiP-induced global variation of gene expression compared with wild-type leaves. Soybean leaves at the V3/V4 stage of development were harvested, and two biological replicates, consisting of a pool of leaves from three different soybean plants, were used for each treatment. The quality of the array was assessed by pairwise comparisons using MA plots (Supplemental Fig. S2A ). Using criteria of a corrected P value less than 0.05 and log2-fold change greater than 1.5, we identified 310 genes that were differentially expressed in BiP-overexpressing leaves compared with control untransformed leaves (Supplemental Fig. S2B ). A predominance of down-regulated genes (254) was observed over up-regulated genes (56). Functional annotation based on gene ontology and the David bioinformatics database (http://david.abcc.ncifcrf.gov/) revealed some interesting terms (Fig. 1A) . Among the differentially expressed genes, we observed an overrepresentation of abiotic stress-responsive genes (13%) that largely predominated the down-regulated gene list (Supplemental Fig. S2D ; Supplemental Tables S1 and S2). These down-regulated genes were represented by a large fraction of dehydration-induced genes and components of the antioxidant system. Therefore, under normal developmental conditions, BiP overexpression massively down-regulates components of the antioxidant system. Likewise, protein degradation and cell deathassociated genes were mostly down-regulated in BiPoverexpressing lines (Supplemental Table S2 , cell death and proteolysis), which may be consistent with the negative effects of BiP on stress-induced senescence or cell death programs (Valente et al., 2009; Reis et al., 2011) .
Up-regulated defense and immune system-related genes clearly predominated in BiP-overexpressing lines. Most notable genes include the Bet vI gene family, PR genes, and lignin biosynthetic process genes, such as lignan, a chitinase class I, and a syringolide-induced protein (Durner et al., 1997; Broekaert et al., 1998; Jacobs et al., 1999; Lo et al., 1999; Slaymaker and Keen, 2004) . These results are consistent with previous data, which suggest that BiP participates in plant immunity and enhanced PR protein synthesis Wang et al., 2005) .
A set of flavonoid-related genes, which fall into the Biological Process/Metabolic Process category, was up-regulated in the BiP-overexpressing line. The O-methyltransferases, which participate in the biosynthesis of flavonoids and lignin, have been implicated in disease resistance in plants (Lam et al., 2007) . Therefore, these flavonoid-related genes enhanced the list of biotic stress-responsive genes, which were up-regulated in the 35S::BiP4 line.
A representative subset of down-and up-regulated genes were selected to validate the microarray hybridization results by quantitative reverse transcription (qRT)-PCR (Fig. 1B) . The qRT-PCR results perfectly matched the microarray hybridization results. Taken together, the global gene expression variation results indicated that in the BiP-overexpressing soybean leaves, cell death-associated genes are down-regulated and immune system components are up-regulated.
BiP-Overexpressing Lines Display Delayed Leaf Senescence under Normal Developmental Conditions
Because the gene expression profile was assessed under normal conditions and because BiP overexpression down-regulated genes associated with PCD, we examined whether BiP would regulate aging or leaf senescence under normal developmental conditions. We observed that BiP-overexpressing plants flowered at similar rate as wild-type controls (approximately 37 d after germination [DAG] on average) but displayed delayed senescence after flowering, because the plants retained green leaves for a longer time (see Fig. 2 , A-C for a comparison of leaf yellowing progression between 35S::BiP4 and the wild type at 51, 72, and 93 DAG). Accordingly, a clear difference in the quantitation of senescence-associated physiological markers between wild-type and 35S::BiP4 leaves was observed during 21 d of growth, between 58 to 79 DAG, which did not persist through later stages of development. For example, significant differences in the leaf pigment content, such as chlorophyll a (Fig. 2D ), chlorophyll b (Fig. 2E ), total chlorophyll (Fig. 2F) , and carotenoids (Fig. 2G) , between the wild-type and BiP-overexpressing lines were pronounced during this time window. At 65 and 72 DAG, the photosynthesis rate was significantly higher in BiP-overexpressing lines compared with wild-type, untransformed controls (Fig. 2H) , whereas the malondialdehyde content, a product of senescence-associated lipid peroxidation, was lower in BiP-overexpressing lines (Fig. 2I) . The expression of senescence-associated genes, such as GmNAC1 and Cys protease (GmCystP, Valente et al., 2009) , was also monitored by qRT-PCR (Fig. 3, A and B) , revealing the GmNAC1 and GmCystP transcript levels in wild-type and BiPoverexpressing lines displayed similar profiles; higher expression levels were observed at later developmental stages. However, at 72 DAG, the aging-associated induction of these genes was remarkably lower in BiP-overexpressing lines than in wild-type leaves. Collectively, these results indicate that senescence under normal greenhouse growth conditions is delayed in the BiP-overexpressing line. We also analyzed another independently transformed BiP-overexpressing line, 35S::BiP2, which accumulates a similar level of BiP (Supplemental Fig. S1C ). We used an anti-BiP serum that cross reacts with a 28-kD polypeptide to probe the immunoblotting. This cross-reacting 28-kD polypeptide serves as an internal control for loading and thereby allows a quantitative comparison of BiP accumulation between the transgenic lines. The 35S::BiP2 line also displayed delayed senescence after flowering; the plants retained green leaves for a longer time (Supplemental Fig. S3A ). During this time, the chlorophyll loss (103 DAG) and photosynthetic rate (78-103 DAG) were significantly lower in the transgenic line than in wild-type leaves, and the senescence-associated molecular markers GmNAC1 and GmCystP were induced to a lower extent in the 35S::BiP2 leaves (Supplemental Fig. S3 , D and E). These results further indicate that BiP may modulate developmentally programmed leaf senescence. Because high secretory activity may also cause ER stress, we measured the extent of the UPR activation during development to correlate the BiP-mediated modulation of ER stress 3 senescence. We used the UPR marker genes, i.e. soyBiPD, calnexin (CNX), and protein disulfide isomerase (PDI), that were known to be induced at the RNA and protein levels by ER stress. We also selected two soybean IRE1 homologs, Glyma01g36200 and Glyma11g09240, using a sequence comparison with IRE1a and IRE1b from Arabidopsis and because they Table S3. were induced by tunicamycin, a potent ER stressor (Supplemental Fig. S4 ), as additional ER stressassociated genes. All tested UPR marker genes were up-regulated during senescence, indicating that developmentally programmed leaf senescence activated the UPR in plants ( Leborgne-Castel et al., 1999; Costa et al., 2008) . These results further confirm that BiP transcription is regulated via a feedback mechanism that involves monitoring BiP protein levels. BiP overexpression also attenuated the UPR activation during senescence, as the induction of the other UPR-associated marker genes (CNX, PDI, and IRE homologs) was significantly lower in BiP overexpressing than in the wild type. At a later developmental stage (93 DAG in35S::BiP4 and 110 DAG in 35S::BiP2), the BiP-mediated inhibition of the UPR was relieved, and the transcript levels of UPR marker genes reached wild-type levels. These results are consistent with previous observations, which demonstrated that the BiP modulation of UPR activation depends on the duration and intensity of the ER stress, where BiP inhibition is relieved with persistent stress . As BiP modulates the stress-induced NRP-mediated cell death response, we examined whether this pathway is also activated during developmental programmed leaf senescence. First, we assessed whether the expression of the components of this pathway, NRP-A, NRP-B, GmNAC-6, and VPE, are up-regulated during natural leaf senescence (Fig. 4) . Under normal developmental conditions, all the tested components of the stressinduced NRP-mediated cell death signaling were up-regulated at the onset of leaf senescence and displayed increased transcript levels as leaf senescence progressed (Fig. 4) . In BiP-overexpressing lines, the NRP-mediated signaling pathway was significantly attenuated at 72 DAG, but this attenuation did not persist through later stages of development. Likewise, in 35S::BiP2 line, the NRP-mediated signaling pathway was attenuated at 92 DAG but not at later stages of development (Supplemental Fig. S6 ). Because VPE displays caspase1-like activity (Tyr-Val-Ala-Asp proteolytic acivity [YVADase] activity) that is associated with the execution of PCD (Hara-Nishimura et al., 2005) , we monitored the induction of YVADase in wild-type and 35S::BIP4 leaves undergoing senescence as additional evidence of NRP-mediated cell death signaling activation (Fig. 5A) . At 72 DAG, YVADase activity was significantly lower in 35S::BiP4 leaves than in wild-type leaves, which is consistent with an inhibitory role of BiP in NRP-mediated cell death signaling. The inclusion of the YVADase-specific inhibitor N-Ac-Tyr-Val-Ala-Asp-CHO (Ac-YVAD-CHO) reduced enzyme activity to basal levels. Collectively, these results closely paralleled the BiP inhibition of the UPR and the BiP attenuation of leaf senescence. The BiP-mediated inhibition of NRPmediated cell death signaling likely accounts, at least in part, for the attenuation of leaf senescence displayed by BiP-overexpressing lines.
In the BiP-Overexpressing Lines, the Onset of Nonhost Hypersensitive PCD Is Accelerated Although BiP overexpression down-regulated cell death-associated genes, we observed a clear predominance of up-regulated defense and immune systemrelated genes in BiP-overexpressing lines. Those genes included PR genes, which are readouts of HR, a form of PCD elicited in nonhost or incompatible interactions that is characterized by the rapid death of plant cells at the site of pathogen infection. Therefore, it was of interest to assess whether BiP overexpression would affect HR elicited by nonhost-pathogen interactions. As expected, inoculating soybean seedlings with Pseudomonas syringae pv tomato triggered a rapid cell death response, which was phenotypically visible at 24 h postinoculation (Fig. 6A) . Gene expression analysis of senescence and cell death-associated genes in 35S::BiP4 transgenic plants under normal developmental conditions. Total RNA was isolated from wild-type (WT) and 35S::BiP4 leaves at 37, 72, and 93 DAG, and the induction of GmNAC1 (A), Cys protease, GmCystP (B), soyBiPD (C), CNX (D), PDI (E), and the IRE1 homolog Glyma11g09240 (F) was monitored by qRT-PCR. The bars indicate the confidence interval (P , 0.05, n = 3), and the asterisks indicate significant differences between wild-type and transgenic plants.
However, BiP-overexpressing lines displayed a cell death phenotype at 12 h postinoculation, and more severe necrotic lesions persisted throughout the experiment compared with inoculated wild-type leaves. Cell death was measured by H 2 O 2 production in the inoculated leaves, and cell damage was monitored using electrolyte leakage from disk leaves and an exclusion of Evans blue vital dye (Fig. 6 ). H 2 O 2 from oxidative bursts is known to drive PCD at challenged sites. A significantly enhanced oxidative burst was induced in wildtype inoculated leaves; however, much more H 2 O 2 accumulated in 35S::BiP4 inoculated leaves at 24 h postinoculation (Fig. 6B) . Electrolyte leakage was induced in wild-type leaves at 12 h postinoculation, and the values continuously increased with the progression of the HR response (Fig. 6C ). The 35S::BiP4 inoculated leaves exhibited an enhanced conductivity from electrolyte leakage throughout the experiment compared with wild-type leaves. Likewise, the intensity of Evans blue dye stained cells, an indicator of cell death, was greater in 35S::BiP4 inoculated leaves throughout the experiment (Fig. 6D) . We also monitored HR PCD induction by assaying the parallel induction of HR molecular markers, including PR1 and PR5, which are frequently used to examine local activation of defense mechanisms during HR, and Cys protease, a cell deathassociated marker. The expression of these HR markers progressively increased with the HR response progression (Fig. 7, A-C) . Although PR1 and PR5 induction has been associated with SAR, these genes are induced by many different stressors, including elicitor and wounding (van Loon and van Strien, 1999; van Loon et al., 2006) . Consistent with the profiles of the other analyzed HR markers, the induction of PR1, PR5, and GmCystP by Pseudomonas spp. was much greater in 35S::BiP4 lines than in inoculated wild-type leaves at all experimental time points (Fig. 7, A-C) . Collectively, these results establish that BiP-overexpressing lines displayed enhanced or accelerated PCD induced by HR.
Under normal conditions, PR1 and PR5 were significantly induced in BiP-overexpressing lines compared with wild-type lines (see time zero in Fig. 7 , A and B). Because PR1 and PR5 are SA-responsive gene markers, we examined whether BiP stimulated SA Figure 4 . BiP overexpression attenuates mediators of the ER and osmotic stress-induced cell death response during development. Total RNA was isolated from wild-type (WT) and 35S::BiP4 leaves at 37, 72, and 93 DAG, and the induction of the indicated genes was monitored by qRT-PCR, as follows: NRP-A (A), NRP-B (B), GmNAC81 (C), VPE (Glyma01g05135; D), VPE (Glyma04g05250; E), and VPE (Glyma14g10620; F). The expression values were obtained using the comparative cycle threshold (2
2DCT
) method and the endogenous control helicase. The bars indicate a confidence interval (P , 0.05, n = 3), and the asterisks indicate significant differences between wild-type and transgenic plants.
synthesis under normal conditions (Supplemental Fig. S7A ). The SA levels, which were quantified in wild-type and 35S::BiP4 lines at the V3/V4 stage of development, were significantly higher in 35S::BiP4 lines. These results may indicate that higher SA accumulation in 35S::BiP4 lines represents a priming state that may be further amplified when SA signaling is biologically activated by biotrophic pathogens. Although we did not detect differences in jasmonic acid (JA) accumulation between the wild-type and 35S::BiP4 lines under normal conditions (Supplemental Fig. S7B ), a higher SA accumulation in 35S::BiP4 may promote the antagonistic effect of SA on JA signaling, because several genes involved in JA synthesis were down-regulated by BiP overexpression (Supplemental Table S2 ). Next, we assessed whether the exogenous application of SA induced the UPR and the stress-induced NRPmediated cell death signaling (Supplemental Fig. S8 ). As expected, the SA-responsive gene markers PR1 and PR5 and the cell death-associated gene markers GmNAC1 and GmCystP were efficiently induced by SA treatment (Supplemental Fig. S8, A-D) . Except for the IRE homolog Glyma01g36200 (Supplemental Fig. S8 ), the other two IRE1 homologs and the other UPR gene markers, soyBiP, CNX, and PDI, were induced by exogenous SA application. Likewise, all the stress-induced NRP-mediated cell death signaling components, NRP-A, NRP-B, GmNAC81, and VPE genes, were efficiently induced by SA. The up-regulation of the UPR and NRP-mediated cell death signaling by SA prompted us to investigate whether these stress-induced pathways were induced by a Pseudomonas spp. invasion that triggers nonhost resistance in soybean.
The UPR marker genes soyBiP and PDI were induced by a Pseudomonas spp. invasion but displayed different induction kinetics than the PR genes (Fig. 7) . In contrast to the more delayed response kinetics of the PR genes, the accumulation of soyBiP, PDI, and the IRE homolog Glyma09g32970 peaked as early as 6 h after infection. This is not surprising because the UPR has been reported as an early response to pathogen invasion in anticipation of PR synthesis along the ER (Jelitto- . Consistent with a role as a negative regulator of the UPR (Srivastava et al., 2013) , BiP overexpression inhibited UPR activation triggered by Pseudomonas spp. invasion because the Pseudomonas spp.-mediated induction of UPR markers was attenuated in 35S::BiP4 lines (Fig. 7, D , E, G, and H). However, in BiP-overexpressing lines, CNX induction was stimulated further in response to a P. syringae pv tomato invasion (Fig. 7F) . CNX is an integral membrane protein of ER, which shares a considerable homology with its luminal paralog calreticulin (CRT). Together, they constitute CNX/CRT cycle, which is crucial for proper folding of nascent proteins. Both lectins have also been shown to be involved in immunity. The chaperone function and the immune function of Figure 5 . Caspase1-like (YVADase) activity in soybean leaves. A, BiP overexpression attenuates caspase1-like activity in leaves. Caspase1-like activity was determined from total protein of wild-type (WT) and 35S::BiP4 leaves at 72 DAG in the presence and absence of the specific inhibitor Ac-YVAD-CHO. B, Enhanced caspase1-like activity displayed by 35S::BiP4 and 35S::BiP2 inoculated leaves compared with wildtype leaves. Soybean wild-type, 35S::BiP4, and 35S::BiP2 leaves were inoculated with P. syringae pv tomato, and caspase1-like (YVADase) activity was determined at the postinoculation time as indicated in the figure. The inclusion of the caspase1-specific inhibitor reduced enzyme activity. The bars indicate the confidence interval based on Student's t test (P , 0.05, n = 3), and the asterisks indicate significant differences between wild-type and transgenic plants.
CRT have already been shown to be uncoupled (Qiu et al., 2012) . Our results indicate that the immune function of CNX may predominate over its chaperone function as an UPR marker in nonhost resistance.
Additionally, the NRP-mediated cell death signaling was induced when the SA signaling was biologically activated by Pseudomonas spp. invasion (Fig. 8) . In fact, all of the components of this cell death signaling, NRP-A, NRP-B, GmNAC81, and the VPE homologs, were effectively induced by Pseudomonas spp. infiltration and displayed similar induction kinetics to the SA-responsive PR genes. Moreover, BiP overexpression further stimulated the induction of NRP-mediated cell death signaling in the same manner as in the induction of the SA-responsive PR genes and CNX. The amplification of the HR-mediated cell death signal in 35S::BiP4 and 35S::BiP2 lines was also confirmed by an enhanced YVADase activity (caspase1-like activity) displayed by 35S::BiP4 and 35S::BiP2 inoculated leaves compared with inoculated wild-type leaves (Fig. 5B) . These results indicate that the NRP-mediated signaling pathway was induced during the establishment of nonhost resistance and thus may participate in the execution of HR PCD. Furthermore, they suggest that the SA-mediated induction of the NRP-mediated cell death signaling may occur via a similar signaling branch as the induction of the PR genes, because they share similar induction kinetics and similar control mechanisms in response to pathogen invasion. In fact, BiP positively modulates both the PR genes and NRP-mediated cell death signaling pathway induction, which is antagonistic to its inhibition of the UPR in response to HR PCD.
The relation between BiP mRNA abundance and the hypersensitive PCD response induced by nonhostpathogen interactions was also investigated in tobacco, using lines with suppressed BiP expression (antisense Figure 7 . Induction of PR genes and UPR marker genes during HR elicited by P. syringae pv tomato. Total RNA was isolated from P. syringae pv tomato-or mock-inoculated wild-type (WT), 35S::BiP2 and 35S::BiP4 leaves, and the expression of the PR genes PR1 (A), PR5 (B), and Cys protease (GmCystP; C) was monitored by qRT-PCR. The induction of UPR marker genes, such as soyBiPD (D), PDI (E), CNX (F), the IRE1 homologs Glyma09g32970 (G), and Glyma11g09240 (H), was also monitored by qRT-PCR. The expression values were obtained using the 2 2DCT method and a control helicase as the endogenous control. The bars indicate the confidence interval based on Student's t test (P , 0.05, n = 3), and the asterisks indicate significant differences between wild-type and transgenic plants.
lines AS1 and AS2) and lines with overexpressed BiP (sense lines S1 and S2; Alvim et al., 2001 ; Supplemental Fig. S1B ). Tobacco leaves were also challenged with P. syringae pv tomato, and HR was examined 36 h postinoculation (Fig. 9) . In transgenic sense lines with enhanced BiP accumulation, the leaf lesions were phenotypically more severe than in the wild-type or antisense lines (Fig. 9A) . Likewise, H 2 O 2 production was more pronounced in the sense lines, as judged by diaminobenzidine (DAB) staining (Fig. 9B) . Cell death and cell damage induced by nonhost interactions were quantified by measuring the ion leakage and exclusion of Evans blue dye (Fig. 9, C and D) . Similar to soybeans, the tobacco sense inoculated leaves exhibited an enhanced conductivity from electrolyte leakage and a greater intensity of stained cells with Evans blue dye throughout the experiment compared with wild-type leaves. These results confirmed that in BiP-overexpressing lines, the onset of HR PCD triggered by nonhost interactions is accelerated. Importantly, the cell death phenotype was associated with BiP levels, because the antisense lines with decreased BiP levels, when challenged with Pseudomonas spp., displayed decreased electrolyte leakage and dead cells at later stages postinoculation compared with wild-type leaves (Fig. 9 , C and D, see 24 and 36 h postinoculation). We also monitored the induction of HR PCD by assaying the parallel induction of pathogenesis-related genes, such as PR1, PR4, chitinase, and glucanase (Fig. 10) . The SA-responsive marker genes PR1 (Fig. 10A) and chitinase (Fig. 10B ) displayed a higher expression in sense leaves than in wild-type and antisense leaves inoculated with Pseudomonas spp. Remarkably, the induction of SA-responsive genes was less pronounced in the antisense line than in wild-type leaves at 36 h postinoculation, confirming that BiP suppression attenuated the HR triggered by nonhost-pathogen interactions. The BiP-mediated regulation of SA-responsive gene induction is consistent with our finding that BiP stimulates SA signaling activation.
DISCUSSION
Recent studies on ER stress-induced cell death have uncovered a relevant role for the molecular chaperone Figure 8 . Inoculation of soybean leaves with P. syringae pv tomato triggers NRP-mediated cell death signaling during the establishment of nonhost resistance. The total RNA was isolated from P. syringae pv tomato-or mock-inoculated wild-type (WT), 35S::BiP2, and 35S::BiP4 leaves, and induction of NRP-A (A), NRP-B (B), GmNAC81 (C), VPE (Glyma01g05135; D), VPE (Glyma14g10620; E), and VPE (Glyma17g34900; F) was monitored by qRT-PCR. Expression values were obtained as in Figure 7 .
BiP in controlling cell death events in plant cells (Schröder and Kaufman, 2005; Valente et al., 2009; Reis et al., 2011) . BiP has been demonstrated to control drought-induced cell death through the modulation of osmotic and ER stress NRP-mediated cell death signaling (Reis and Fontes, 2012) . BiP has also been implicated in regulating PCD triggered by an immune response in plants and by ER stress specifically (Wang et al., 2005 (Wang et al., , 2007 Reis et al., 2011; Xu et al., 2012) . Here, we employed soybean transgenic lines that overexpress a functional BiP to elucidate the role of plant BiP in developmentally programmed and biotic stress-induced cell death events. The BiP-induced transcriptome under normal conditions revealed a robust down-regulation of genes involved in developmental PCD and an up-regulation of genes involved in hypersensitive PCD triggered by nonhost plant-pathogen interactions. Consistent with the BiP-induced expression profile, we demonstrated several lines of evidence indicating that BiP can either negatively or positively modulate PCD events. Under normal conditions, the BiP-overexpressing lines display delayed leaf senescence and attenuated appearance of senescence-associated markers, such as chlorophyll loss, photosynthesis rate decrease, lipid peroxidation, and induction of senescence-associated genes. By contrast, we monitored hallmarks of HR PCD and demonstrated that enhanced BiP accumulation accelerated and amplified HR triggered by nonhostpathogen interactions and that silencing BiP delayed the HR PCD. The BiP-mediated amplification of the HR PCD may be linked to the activation of the SA signaling because, even under normal conditions, the 35S::BiP4 line displayed an enhanced SA accumulation and an increased expression of SA-responsive marker genes, such as PR1, PR5, and PR10, compared with the wild type, which may serve as a priming state for further induction of SA signaling upon biological activation. Pseudomonas spp. infection induced a faster and stronger PR1 and PR5 gene expression in 35S::BiP4 inoculated leaves, which were associated with a more rapid appearance and amplification of hypersensitive PCD hallmarks, such as leaf necrotic lesions, H 2 O 2 production, electrolyte leakage, and exclusion of Evans blue dye, as indicators of dead cells.
In this study, we demonstrated that the UPR was strongly activated in senescing leaves. This robust UPR Figure 9 . HR elicited by nonhostpathogen interactions in tobacco leaves with enhanced (sense) and suppressed (antisense) levels of BiP. A, The lesions on the tobacco leaves of wild-type (WT), sense, and antisense lines after 24 h of inoculation with a control MgCl 2 buffer or with P. syringae pv tomato (Pst). B, DAB staining in wildtype, sense, and antisense leaves 24 h after inoculation with P. syringae pv tomato or a MgCl 2 solution. C, The membrane integrity of leaf cells during the HR. The conductivity from electrolyte leakage of P. syringae pv tomato-and mock-inoculated wild-type, sense, and antisense leaves was measured at the indicated periods after inoculation. D, The exclusion of vital Evans blue dye from tobacco wild-type, sense, and antisense leaves during the HR. The bars represent the confidence interval (P , 0.05, n = 5).
activation may be due to an increased secretory activity of leaf cells during senescence. The BiP-overexpressing lines displayed an attenuated UPR activation at intermediate stages of leaf senescence (72 DAG), but this UPR inhibition was alleviated at later developmental stages when the induction of UPR gene markers (CNX, PDI, and IRE homologs) in 35S::BiP4 leaves approached the normal levels displayed by wild-type leaves. BiP overexpression in tobacco and soybeans was previously demonstrated to attenuate UPR activation by ER stress, suggesting a role for BiP in modulating UPR in plants ( Leborgne-Castel et al., 1999; Alvim et al., 2001; Costa et al., 2008) . A role of BiP as an UPR regulator in plants was further confirmed by recent data demonstrating that BiP regulates the activity to the UPR transducer bZIP28 (Srivastava et al., 2013) . However, the BiP-mediated inhibition of UPR activation appears to depend on the duration and intensity of the ER stress, such that BiP inhibition is relieved during persistent stress . The results of this investigation are consistent with the hypothesis that BiP modulation of UPR is dependent on the ER processing capacity and secretory activity and might explain the controversy surrounding a potential role for BiP as a regulator of UPR in plants.
BiP modulates the propagation of an ER and osmotic stress-induced cell death signal by negatively regulating the expression and activity of NRP-mediated cell death signaling components . This interaction attenuates dehydration-induced cell death and promotes the adaptation of BiP-overexpressing lines to drought (Valente et al., 2009; Reis et al., 2011; Reis and Fontes, 2012) . Here, we revealed that the stress-induced NRPmediated cell death signaling also likely operates during developmentally programmed leaf senescence. We observed that all cell death pathway components, NRP-A, NRP-B, GmNAC81, and VPE homologs, were induced during leaf senescence. Furthermore, the GmNAC81-mediated induction of VPE during leaf senescence was associated with a specific increase in YVADase activity, demonstrating that a VPE-mediated PCD may be functional during leaf senescence. VPE is a Cys protease that exhibits caspase1-like activity and has been associated with Tobacco mosaic virus-induced hypersensitive cell death (Hatsugai et al., 2004 ) and more recently with developmental PCD (Hara-Nishimura et al., 2005) . As an executioner of vacuolar collapse-mediated PCD, VPE acts as a processing enzyme to activate various vacuolar proteins, which participate in the disintegration of vacuoles, to initiate the proteolytic cascade in plant PCD (Hatsugai et al., 2004) . We observed that BiP also attenuated NRP-mediated cell death signaling during leaf senescence by inhibiting the induction of pathway components, such as NRPs, GmNAC81, and VPE homologs, as well as YVADase activity. Therefore, BiP may delay leaf senescence by modulating NRP-mediated cell death signaling. The BiP-mediated Figure 10 . Time course of induction of PR genes by the nonhost interaction in tobacco leaves. Wild-type (WT), sense, and antisense tobacco leaves were inoculated with P. syringae pv tomato, and the induction of the PR genes, including PR1 and chitinase, was examined by qRT-PCR. The expression values were obtained using the 2 2DCT method and actin as the endogenous control. The bars indicate the confidence interval (P , 0.05, n = 3), and the asterisks indicate significant differences between wild-type and transgenic plants. Figure 11 . BiP may modulate the NRP-mediated cell death signaling pathway by inhibiting UPR and stimulating SA signaling. The scheme illustrates the propagation of a cell death signal derived from prolonged ER, osmotic, and biotic stress through the NRP-mediated PCD signaling pathway. A broken arrow indicates an effect on gene expression, while a solid arrow indicates that the gene is an immediate downstream target. This investigation revealed that overexpression of BiP inhibits the UPR, the expression of NRPs, and GmNAC81 and as consequence attenuates cell death mediated by the NRP signaling as in leaf senescence. In response to a biotic stimulus, BiP positively modulates the SA signaling and activates the NRP-mediated cell death signaling.
negative modulation of NRP-mediated cell death signaling during leaf senescence may be linked to its function as an UPR regulator. In support of this hypothesis, we demonstrated that the BiP-mediated inhibition of the PCD signal was temporally coordinated with the BiPmediated inhibition of the UPR, as it occurred at 72 DAG but not at later developmental stages. Furthermore, both GmNAC81 and NRP-B promoters harbor the UPR element CC(N) 12 CCACG (http://www.dna.affrc.go.jp/ PLACE/signalscan.html; Higo et al., 1999) , which was derived from the mammalian UPR cis-element CCAAT (N) 9 CCACG as a consensus sequence found in ER stressinducible plant promoters (Martínez and Chrispeels, 2003) . The putative UPR cis-element CCgta(N) 9 CCACG was found in the NRP-B promoter at position -200 and the sequence CCttc(N) 9 CCACG at position -383 in the GmNAC81 promoter, which could be activated by the UPR and hence be modulated by BiP (Fig. 11) . In addition to being induced during leaf senescence, which was demonstrated by this investigation, and by ER and osmotic stress (Irsigler et al., 2007; Faria et al., 2011) , the NRP-mediated cell death signaling is also induced by SA signaling. This induction was confirmed by an exogenous application of SA (Supplemental Fig. S8 ) and by the inoculation of soybean and tobacco leaves with P. syringae pv tomato, which incites a nonhost HR in these plant species. Under biological activation of SA signaling, BiP overexpression did not inhibit the induction of NRP-mediated cell death signaling but rather enhanced the expression of cell death pathway components and YVADase activity. The enhanced induction of NRP-mediated cell death signaling in BiP-overexpressing leaves paralleled an increased expression of PRs and the enhanced development of morphological and physiological hallmarks of HR PCD elicited by nonhost resistance. Therefore, in response to SA signaling, BiP induced further the NRP-mediated cell death signaling. By contrast, in the BiP-overexpressing lines, the induction of UPR marker genes in response to activated SA signaling was suppressed. These results are consistent with previous observation, which revealed an enhancement of the SA-mediated induction of UPR marker genes and a concomitant decrease in PR1 gene expression in Arabidopsis bip2 knockout lines (Wang et al., 2005) .
SA plays a central role in plant defense signaling. It is required for the recognition of pathogen-derived components and subsequent establishment of local resistance in the infected region as well as for systemic resistance (Gaffney et al., 1993; Loake and Grant 2007) . During SAR, there is a massive buildup of PR proteins in vacuoles and in the apoplast. Coordinated up-regulation of the protein secretory machinery is required to ensure proper folding, modification, and transport of PR proteins. Accordingly, the ER-resident gene BiP is induced before PR1 accumulation Wang et al., 2005; Fig. 6 ). NPR1, the master regulator of SA-dependent SAR, not only directly induces the PR genes, but also prepares the cell to secrete PR proteins by controlling the expression of the secretory machinery components and UPR genes (Wang et al., 2005) . However, NPR1 regulates the expression of PR1 and UPR genes via interactions with distinct transcriptional factors (Zhang et al., 1999; Pajerowska-Mukhtar et al., 2012) . We observed that BiP antagonistically modulates the SAmediated induction of UPR genes and PR genes, which is coordinated with the induction of the NRP-mediated cell death response. Therefore, the SA-mediated induction of NRP cell death signaling likely occurs via a pathway distinct from the UPR, which contrasts with the coordinated induction of the NRP-mediated cell death response and the UPR by developmentally programmed leaf senescence.
In summary, the underlying mechanisms of BiPmediated delay in leaf senescence or acceleration of HR PCD by the nonhost response may be associated, at least in part, with its capacity to modulate the NRPmediated cell death response (Fig. 11) . Although the BiP-mediated positive modulation of NRP cell death signaling occurs through a yet undefined mechanism that is activated by SA signaling and related to ER functioning, the BiP-mediated negative modulation of this pathway is likely associated with the capacity of the ER-resident molecular chaperone to regulate the UPR activation that occurs during leaf senescence.
MATERIALS AND METHODS
Plant Growth and Transgene Expression
Soybean (Glycine max 'Conquista') seeds transformed with soyBiPD under the control of the Cauliflower mosaic virus 35S promoter (Valente et al., 2009 ) as well as untransformed control seeds were germinated and grown in 3-L pots containing a mixture of soil and dung (3:1) in greenhouse conditions under natural conditions of light, a relative humidity of 65% to 85% and a temperature ranging from 35°C during the day to 15°C at night. At different periods and developmental stages, as indicated in the figure legends, the plant tissues were harvested, immediately frozen in liquid nitrogen, and stored at -80°C.
Transgenic lines were confirmed by PCR, and transgene accumulation was monitored by immunoblotting as previously described (Valente et al., 2009) . Briefly, the total protein was extracted from untransformed or transformed soybean plant leaves and immunoblotted with an antibody prepared against an Escherichia coli-produced BiP carboxyl domain (anticarboxy BiP; Buzeli et al., 2002) at a 1:1,000 dilution and a goat anti-rabbit IgG alkaline phosphatase conjugate) at a 1:5,000 dilution. Alkaline phosphatase activity was assayed using 5-bromo-4-chloro-3-indolyl phosphate (Sigma) and p-nitro blue tetrazolium (Sigma).
RNA Extraction, Complementary DNA (cDNA) Synthesis, and mRNA Purification
The total RNA was extracted from leaves at the V3/V4 or V4 developmental stage, in which the third trifoliate leaf had fully expanded, using TRIzol (Life Technologies) and treated with RNase-Free DNase (Life Technologies). The RNA was quantified by spectrophotometry (Evolution 60 Thermo Scientific) and examined in a 1.3% (w/v) denaturing agarose gel that was stained with 0.1 mg mL -1 ethidium bromide. The total RNA was used for reverse transcription (RT)-PCR and microarray analyses.
RT-PCR assays were performed with 3 mg of total RNA, 5 mM of oligo(dT), 0.5 mM of deoxynucleoside triphosphates, and 1 Uracil of M-MLV reverse transcriptase (Life Technologies). For microarray analysis, mRNA was purified using the FastTrack 2.0 mRNA Isolation kit (Life Technologies) according to the manufacturer's instructions, quantified by spectrophotometry (Evolution 60 Thermo Scientific) and electrophoresed in 1.5% (w/v) denaturing agarose gels in the presence of ethidium bromide. biological replicates corresponding to transformed (35S::BiP) and untransformed (wild-type) leaves were used to obtain two independent mRNA pools to hybridize duplicated chips for each sample. Hybridizations were performed on Affymetrix GeneChip Soybean Genome Arrays (http://affymetrix.com/index. affx) according to the manufacturer's instructions and the following the steps: 1) double-stranded cDNA synthesis using the SuperScript One-Cycle cDNA Kit; 2) purification and cleaning of double-stranded cDNA with the cDNA Wash Buffer and Cleanup Spin Column; 3) synthesis of biotinylated complementary RNA (cRNA) using the IVT Labeling Kit; 4) amplification of cRNA using the IVT Master Mix, purification as in the second step, and quantification at 260 nm by spectrophotometry (Evolution 60 Thermo Scientific); and 5) fragmentation (hydrolysis) of biotinylated cRNA to 35 to 200 nucleotides. Then, the cRNA (15 mg) was hybridized to an Affymetrix Soybean Genome Array for 16 h according to the Affymetrix GeneChip protocol with buffers provided by the manufacturers. The arrays were washed in a GeneChip Fluidic Station 450 GCOS/Microarray Suite (GeneChip Operating Software) and stained using a GeneChip IVT Labeling Kit. The chips were scanned with a Gene Array Scanner 3000 (Affymetrix) at 3-mm-pixel resolution and a 570-nm wavelength, generating cell intensity files.
The cell intensity files were computationally analyzed using the R/Bioconductor package (Version 1.6/Version 2.6.0; Li and Wong, 2001 ). Normalization was performed using the Robust Multiarray Analysis method, which is available through the R/Bioconductor package for Affymetyrix arrays (Kerr et al., 2000) . Microarray Quality Assessment was performed using functions from the Affy package along with functions from the R/Bioconductor package. To identify differentially expressed genes, we used R/Microarray ANOVA (http:// churchill.jax.org/software/rmaanova.shtml), and the significance of differential gene expression was detected using F and Student's t tests. The estimated P values were corrected by false discover rate and the resulting respective gene lists were classified according to the corrected P value and fold change. The genes were considered differentially expressed if they yielded a corrected P value of greater than 0.05 and a fold change greater than 1.5. The genes were annotated using the annotation Affymetrix file for the chip (http://www. affymetrix.com/support/technical/annotationfilesmain.affx), which were complemented with annotations from Soybase (http://www.soybase.org/) and Phytozome (http://www.phytozome.net/) databases.
qRT-PCR
All of the real-time PCR procedures, including tests, validations, and experiments, were conducted according to the recommendations of Applied Biosystems. Real-time RT-PCR reactions were performed on an ABI7500 instrument (Applied Biosystems) using cDNAs from the treatments, gene-specific primers (Supplemental Table S4 ), and the SYBR Green PCR Master Mix (Applied Biosystems). The amplification reactions were performed as follows: 10 min at 95°C, 40 cycles of 94°C for 15 s, and 60°C for 1 min. The soybean RNA helicase (Irsigler et al., 2007) and tobacco (Nicotiana tabacum 'Havana') RNA actin (Costa et al., 2008) were used as endogenous controls to normalize the realtime RT-PCR values. The gene expression was quantified using the 2 2DCT (absolute quantification) or 2 2DDCT (relative quantification) method.
Physiological Measurements
The carotenoid, chlorophyll a, and chlorophyll b contents were determined as described by Wellburn (1994) . Two 0.5-cm leaf discs were incubated with 5 mL of CaCO 3 -saturated dimethyl sulfoxide. After 12 h at room temperature, the total pigment content was determined spectrophotometrically at 480, 649.1, and 665.1 nm and expressed as mg cm -2 .
Photosynthetic CO 2 assimilation was measured in fully expanded leaves with a portable open-flow gas exchange system (LICOR 6400, Li-COR) under ambient CO 2 concentrations, normal temperature conditions, and an artificial, saturating irradiance (1,000 mmol photons m -2 s -1 at the leaf level). All measurements were performed at 9 AM. The extent of leaf lipid peroxidation was estimated by measuring the malondialdehyde assay content, as described by Cakmak and Horst (1991) . Approximately 0.150 g of leaves were homogenized with 2 mL of 0.1% (v/v) trichloroacetic acid. The mixture was centrifuged at 12,000g for 15 min. All steps were performed at 4°C. Supernatant aliquots (0.5 mL) were added to 1.5 mL 0.5% (v/v) thiobarbituric acid in 20% (v/v) trichloroacetic acid, and the samples were incubated at 90°C for 20 min. The reaction was stopped by incubation on ice, followed by centrifugation at 13,000g for 4 min. The absorbance of the supernatant was determined at 532 nm and subtracting from it the nonspecific A 600 . The malondialdehyde assay concentration was calculated using the molar absorptivity coefficient of 155 mM -1 cm -1 .
Caspase1-Like (YVADase) Activity
Total protein was extracted from soybean leaves at different developmental stages or inoculated with Pseudomonas syringae pv tomato or mock-treated leaves. Caspase1-like activity was determined using the Caspase1 Colorimetric Assay Kit (Merck Millipore) according to the manufacturer's instructions. The substrate was YVAD-pNitroaniline, and the inhibitor of caspase1 activity was the synthetic tetrapeptide Ac-YVAD-CHO supplied by the kit.
Total Protein Extraction from Leaves and Quantification
Total protein extracts were obtained as described by Görg et al. (1988) with some modifications. Approximately 200 mg of leaves from sense, antisense, and untransformed tobacco lines were crushed in liquid nitrogen, and the powder was homogenized with 10% (w/v) trichloroacetic acid in acetone containing 0.07% (v/v) 2-mercaptoethanol. The total protein was precipitated for 120 min and recovered by precipitation at 20,000g for 20 min. The pellet was washed twice with acetone containing 0.07% (v/v) 2-mercaptoethanol, and the residual acetone was removed under vacuum. The pellet was resuspended by ultrasonication in 8 M urea, 4% (v/v) Triton X-100, and 60 mM dithiothreitol. The total protein extract was stored at -20°C. The protein concentration was determined according to Bradford (1976) using bovine serum albumin as standard.
Bacterial Strains and Plant Inoculation
For the plant inoculation experiments, a BiP-overexpressing soybean transgenic line was used at the VC developmental stage (fully expanded unifoliate leaves) as well as an untransformed line and 3-week-old leaves of tobacco (sense, antisense, and the wild type; Alvim et al., 2001) . P. syringae pv tomato was cultured at 28°C in King's B (King et al., 1954) medium for 18 h. After centrifugation, the bacterial cultures were resuspended in 10 mM MgCl 2 . The leaves of transgenic and wildtype plants were inoculated with bacterial suspensions at an optical density of 600 nm of 0.2 (which corresponds to approximately 1 3 10 7 cells mL -1
; Bogdanove et al., 1998) while applying a controlled pressure against the abaxial epidermis. Alternatively, the leaves were inoculated by aspersion of the bacterial suspension (1 3 10 7 cells mL -1
), stored in a cloud chamber for 3 d, and transferred to a growth chamber at 28°C and 80% humidity with a 12-h photoperiod (Budde and Ullrich, 2000) . The plant material was frozen in liquid nitrogen and stored at -80°C.
Determination of SA Contents by Ultra-Performance Liquid Chromatography (UPLC)-Mass Spectrometry Detection
The plant extracts were prepared as described previously (Forcat et al., 2008) with some modifications. Approximately 200 mg of fresh tissue were crushed in liquid nitrogen, transferred to a falcon tube, and added to 400 mL of 10% (v/v) methanol and 1% (v/v) acetic acid. The plant extract was sonicated (Ultrasonic Homogenizer 4610 Series, Cole-Parmer) twice at 30% power for 20 s on ice. After incubation for 30 min on ice, the extract was purified by centrifugation for 10 min at 13,000g and 4°C. The supernatant was carefully removed and reserved, whereas the pellet was reextracted as described. The supernatants were combined, centrifuged as before, and filtered (syringe filters, 0.45 mm, GHP Acrodisc).
Liquid chromatography (LC) was performed using a nanoAquity UPLC System (Waters) coupled to a binary pump and an autosampler. Ten microliters of the sample were separated by UPLC-mass spectrometry (MS) using a trap column (Waters) and a analytical ProteCol C 18 5-Å 300 mm 3 100 mm capillary column (SGE Analytical Science) operating at a flow rate of 3.0 mL min The mass spectrometer was operated in a multiple reaction mode (MRM) due to its high selectivity using precursor-to-product ion transitions. All of the UPLC-ESI MS and MS/MS parameters were optimized using individual standard solutions of SA at a concentration of 1 ng mL -1
. Full scan data acquisition was performed by scanning from a mass-to-charge ratio of 60 to 300 at the positive mode, and the data were acquired for 70 min for each LC-MS/MS run. The UPLC-ESI-MS/MS assays were performed for three biological replicates. The data acquisition of both LC-MS instruments was managed using the Hystar package (Bruker Daltonics). In the product ion scan experiments, MS/MS product ions were produced by collision-activated dissociation of selected precursor ions. Thus, the combination of the parent mass and unique fragment ions was used to monitor SA selectively in crude plant extracts. MRM acquisition was performed by monitoring the 139/121. The mass spectrums were processed using a data analysis package (Bruker Daltonics), and the compound list was generated automatically using the optimized setting. The mass spectrum2 fragments were verified to confirm the detection of SA in the samples. Total ion chromatograms were used for quantitative analysis. The relative abundance of SA was normalized and expressed by integrating the total area of the chromatogram ion, which corresponds to SA, relative to the total area of all compounds observed in the MRM assays.
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